Cotransformation of Glomerella graminicola was achieved with the G. graminicola genes TUBIR1 (encoding a P-tubulin which confers resistance to the fungicide benomyl) and PYRI (encoding orotate phosphoribosyl transferase, which confers pyrimidine prototrophy). The cotransformation frequency was about 30% when selection was for pyrimidine prototrophy (Pyr+) and 87% when selection was for benomyl-resistant (Bmlr) transformants. Southern blots confirmed that both transforming DNAs had integrated into the genomes of transformants which were expressing both Pyr+ and Bmlr phenotypes. A plasmid, p23, which contained a truncated 500-bp segment representing the central region of the PYRI gene was constructed. The plasmid was introduced with pCG7, containing TUBIR1, into G. graminicola M1.001 (Pyr+ Bmls), and Bmlr transformants were selected. The Bmlr transformants were screened on medium which did not contain uridine in order to identify Pyr-mutants created by integration of p23 at the PYRI locus. None of the primary transformants were Pyr-, but 0.2% of uninucleate conidia collected from the pooled primary transformants gave rise to Pyrauxotrophs. Southern blots representing two of these Pyr-mutants confirmed that they had the expected homologous integration of p23 at the PYRI locus. This suggested that integration resulted in production of two nonfunctional copies of the gene, one lacking the 5' sequences and the other lacking the 3' sequences. This study demonstrates the feasibility of using cotransformation to perform targeted gene disruptions in G.
Glomerella graminicola (anamorph, Colletotrichum graminicola) is a fungal phytopathogen which causes anthracnose leaf blight and stem rot of maize (2, 3, 10, 23) . Very few plantpathogenic fungi have been developed sufficiently to be suitable for molecular genetic studies. Our previous work with G. graminicola has resulted in methods for gene transfer that include procedures for sexual crosses (21) and DNA-mediated transformation (13, 15) . Thus, G. graminicola has become a useful system for study of the molecular genetic bases of pathologically important processes such as host recognition and specificity, colonization, and asexual reproduction. In this paper, we describe methods for two other useful molecular manipulations of G. graminicola, cotransformation and targeted gene inactivation.
Cotransformation occurs when two different plasmid DNAs, only one of which contains a selectable marker, are used for transformation (4, 5, 22) . A certain proportion of cells transformed with the selectable marker also contain the other plasmid. By screening the selected transformants, it is possible to analyze the effects of genes which confer no positive selection. This eliminates the need to construct a single vector containing both the selectable and the nonselectable genes, saving considerable time and effort. Targeted gene inactivation allows the function of a cloned gene to be elucidated (8, 9, 11, 16) . Gene inactivation may be achieved by homologous, integrative disruption of the endogenous gene with a cloned copy which has been altered in vitro (12, 17) . In this paper, we describe how we used this powerful technique to obtain targeted disruptions at the PYR1 locus of G. graminicola, resulting in auxotrophic transformants which were unable to synthesize pyrimidines.
Fungal strains, DNA, and PCR. G. graminicola M1.001 (Pyr+ Bmls) and M1.201 (Pyr-Bmls) were used in this study. For routine growth, cultures were maintained at 22 to 25°C under continuous fluorescent light on potato dextrose agar amended with 100 mg of ampicillin sulfate per liter. The medium contained 5 mM uridine for culture of M1.201. The plasmids used in this study were pCG7, containing TUBlR1, an allele of the G. graminicola 3-tubulin gene TUB1, which confers resistance (Bmlr) to the tubulin-binding fungicide benomyl (13) ; pJR70, which contains the G. graminicola PYR1 gene encoding orotate phosphoribosyl transferase (reference 15 and Fig. 1) ; and p23, a construct containing a 500-bp internal fragment of the PYRI coding region subcloned into pUC19 (Fig. 1) . This 500-bp fragment was amplified from pJR70 DNA by PCR. The sequence of the entire coding region of PYR1 is known (15) , providing information needed to synthesize two 16-nucleotide primers for PCR. One primer was identical to the coding strand at a position 75 nucleotides internal to the 5' end of the coding region, and the second was complementary to the coding strand at a position 189 nucleotides internal to the 3' end. The PCR mixture was a 50-pI volume containing 100 ng of DNA and 2.5 U of Taq polymerase. Primers and deoxynucleoside triphosphates were present at 1 ,uM and 40 ,uM, respectively. The incubation cycle was 1 min at 94°C, followed by 1 min at 37°C, followed by 2 min at 75°C. The synthesis time was increased by 15 s after each cycle, and the cycle was repeated 25 times. The amplified DNA product was treated with Klenow fragment and polynucleotide kinase and then cloned into the SmaI site of pUC19. All plasmids were maintained and propagated in Escherichia coli DHSx. Plasmids were prepared by the alkaline lysis method and were purified twice by CsCl-ethidium bromide centrifugation (7). Nuclear DNA was prepared from fungal strains, and Southern blots were hybridized and washed at high stringency as described previously (13) . Radioactive probes were made from restriction fragments of plasmids recovered from agarose gels.
Cotransformation. Fungal protoplasts were transformed essentially according to the method described by Panaccione et al. (13) as modified by Rasmussen et al. (15) . A conidial suspension made from a 1-to 2-week-old plate culture of strain M1.001 or M1.201 was used to inoculate 500 ml of modified Fries medium (20) . The medium contained 5 mM uridine for culture of M1.201. Cultures were grown for 48 h at 30°C on a rotary shaker. Subsequently, cultures were strained through a layer of sterile nylon (20-pLm pores), and the oval conidia in the filtrate were recovered and washed by centrifugation three times in sterile 0.7 M NaCl. The washed oval conidia were suspended in 25 ml of a filter-sterilized solution of Novozyme 234 (10 mg/ml in 0.7 M NaCl, containing 0.1% 13-mercaptoethanol). Oval conidia were incubated in the enzyme solution at 30°C on a rotary shaker (100 rpm) for 2 to 4 h until protoplasting was complete. The protoplasts were washed once in sterile 0.7 M NaCl and once in 10 ml of STC (1 M sorbitol, 50 mM Tris [pH 8.0], 50 mM CaCl2) and resuspended in 5 ml of STC. Protoplasts in a volume of the suspension were counted with a hemacytometer, and the suspension was adjusted to a concentration of 107 protoplasts per ml (for selection of Pyr+ transformants) or 108 protoplasts per ml (for selection of Bmlr transformants). A 100-pul volume of the protoplast suspension was mixed with 1 p.g of each plasmid used in the cotransformation, 2 p.l of spermidine (50 mM solution), and 5 p.l of heparin (2.5 mg/ml in STC). The mixture was incubated on ice for 30 min. One milliliter of KTCP solution (40% polyethylene glycol, 0.6 M KCl, 50 mM Tris, 50 mM CaCl2) was then added, and the mixture was incubated at room temperature for 20 min. Subsequently, 4 ml of molten (48°C) top agar was added to the transformation mixture and then the entire mixture was applied as a top agar overlay onto the surface of selective regeneration media. Plates were incubated in the dark at 30°C for 5 to 7 days until regenerating colonies could be detected. For selection of Bmlr transformants, the regeneration medium was 1 M sucrose, 0.1% yeast extract, 0.1% Casamino Acids, 1.5% agar, and 0.5 mg of benomyl per liter (top agar was the same except that the agar was present at 0.8%). For experiments designed to recover Pyr-cotransformants, 5 mM uridine was also added to the top and bottom agar. For selection of Pyr+ transformants, the regeneration medium was modified Fries medium, 0.6 M KCl (present as the osmoticum), and 1.5% agar (or 0.8% for the top agar). Both kinds of regeneration plates were incubated in the dark at 30°C for 5 to 7 days, after which regenerating colonies could be detected.
Cotransformation of the G. transformants were selected and then screened for Pyr+, an average of 87% of the Bmlr regenerates were also Pyr+ (Table  1) . In contrast, when transformants were selected for Pyr+ and then screened for Bmlr, on average only 29% of the Pyr+ colonies were also Bmlr ( Table 2 ). Southern blots of singlespored isolates showed that representative Bmlr Pyr+ cotransformants contained one or more copies of each transforming DNA heterologously integrated into their genomes (data not shown). The difference observed in cotransformation frequencies when selection was for Bmlr or Pyr+ may be related to the ways in which pCG7 and pJR70 tend to integrate. Benomyl selection seems to strongly favor transformants with multiple tandem integrations of the TUBlR1 gene (13) , and these in turn may be more likely to have also incorporated pJR70 DNA. In contrast, a relatively high proportion of Pyr+ transformants have been reported to contain only a single integration (15) . Thus, selection for Pyr+ transformants does not appear to favor multiple integrations, and cells with single integrations may be less likely to contain the other cotransformation marker. Others have reported similar results when cotransforming Aspergillus nidulans with the amdS and trpC genes (22) . When selection is for Pyr+, it is possible that cotransformation efficiency could be raised by increasing the proportion of the nonselected transforming DNA (i.e., pCG7, which contains TUB1R1). Though we used equal amounts of the two plasmids, studies of Neurospora crassa have shown that increasing the ratio of nonselected to selected DNA by as (12) . One copy of the gene has the deletion at the 5' end and the other contains the deletion at the 3' end. To obtain such a disruption at the G. graminicola PYR1 locus, we constructed p23, which contains a fragment of PYR1 lacking both 5' and 3' ends of the coding region. While positive selection of the resulting Pyr-mutants might have been possible on medium containing 5-fluoroorotic acid (15), we chose instead to cotransform strain M1.001 with p23 and pCG7, select Bmlr transformants, and then screen the selected transformants for Pyr-auxotrophs. Studies ofA. nidulans have shown that cotransformation can be used in this way to obtain gene disruptions (22) .
Following the pCG7-p23 cotransformation, a total of 1,200 Bmlr transformants from three different cotransformation experiments were tested for pyrimidine auxotrophy. All of the primary transformants were Pyr+. However, we know that primary transformants are often heterokaryotic, and therefore we suspected that Pyr-nuclei might be masked by Pyr+ nuclei. Consequently, we pooled conidia (conidia are uninucleate) from a total of 800 primary transformants, washed them three times with sterile water, and plated them on potato dextrose agar containing 5 mM uridine. This resulted in a total of 1,600 colonies, each derived from a single spore. Each colony was then tested for pyrimidine auxotrophy. Of these, three (i.e., 0.2%) were found to be auxotrophs. DNA was prepared from two of these Pyr-transformants and was digested with the restriction enzyme StuI, which does not cut within the PYR1 gene. The DNA was electrophoresed on an agarose gel, blotted by Southern transfer, and probed with the 500-bp internal fragment of the PYR1 gene carried in p23. Results showed that in both Pyr-mutants, p23 had integrated homologously at the PYR1 locus (Fig. 2) . This was indicated by the disappearance of a diagnostic 5-kb StuI fragment that contains the PYR1 gene and flanking sequences. In the p23 cotransformants, the 5-kb StuI fragment was replaced by a larger one that appeared to be between 8 and 9 kb. This was the expected result if homologous integration was to result in a tandem duplication of truncated PYR] sequences separated by plasmid vector sequences. One of the Pyr-cotransformants appeared to have additional PYR1 sequences that integrated ectopically into higher-molecular-weight DNA fragments (Fig. 2, lane C) .
These results clearly demonstrate the feasibility of cotransformation and targeted gene disruption in G. graminicola. While this kind of sophisticated genetic technology has long been available for certain well-studied nonpathogenic fungi such as Saccharomyces cerevisiae and A. nidulans, it remains undeveloped for most plant pathogens. Transformation-mediated gene inactivation has been demonstrated for only a few phytopathogenic species including Cochliobolus carbonum (14, 17) , Magnaporthe grisea (19) , Ustilago maydis (6), Nectria haematococca (18) , and Cladosporium fulvum (8) . By examining the utility of the gene transfer techniques described in this paper, we have considerably increased the potential of G. graminicola as a model organism for studying the genetic basis of pathogenicity.
